ABSTRACT The present study reports about the plasma carotenoid levels of chickens achieved after feeding diets containing free and esterified lutein (from marigold) and capsanthin (from red pepper) by applying HPLC analyses using a RP-C30 column. Forty chickens were divided at random into four groups and were fed 2 wk with different diets after receiving a basal diet with a low carotenoid content for carotenoid depletion (3 wk). One group was fed a diet containing free lutein (G1), another group received a diet with esterified lutein (G2), two other diets contained free (R1) and esterified capsanthin (R2), respectively. To unequivocally identify plasma 
INTRODUCTION
Carotenoids are lipid-soluble secondary plant substances with different functional groups. In many intensively yellow or orange colored fruits and vegetables, β,β-carotene is accompanied by other carotenes (e.g., lycopene) as well as oxygenated derivatives, called xanthophylls (e.g., lutein and capsanthin). In some foods, the characteristic carotenoid pattern of fruit is complicated by the presence of species esterified with fatty acids (Philip and Chen, 1988; Biacs and Daood, 1994; Breithaupt and Bamedi, 2001) . It is generally believed that these esters undergo lipase-catalyzed hydrolysis reactions in the gut lumen before absorption of the resulting free xanthophyll (Wingerath et al., 1998; Tyczkowski and Hamilton, 1987) . Surprisingly, only little information is available in the literature concerning the metabolism of xanthophyll esters in general. To whom correspondence should be addressed: breithau@ uni-hohenheim.de.
395
carotenoids, liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry analysis was applied, which had never been used as an analytical tool to evaluate the carotenoids of chicken plasma; HPLC chromatograms of chicken plasma following capsanthin feeding have not been presented. The study showed that not only lutein but also capsanthin appeared in the blood stream after feeding free or esterified xanthophylls, demonstrating that capsanthin esters were bioavailable. Quantitative analysis showed comparable concentrations of plasma lutein and capsanthin, respectively, no matter if free or esterified carotenoids were fed.
Carotenoids originating from marigold (Tagetes erecta L.) and red pepper (Capsicum annuum L.) have been used by the poultry industry for coloring egg yolk and the skin of chicken (Tyczkowski and Hamilton, 1991; Kirkpinar and Erek, 1999a,b; Nys, 2000; Blanch and Hernández, 2000) . The major carotenoid in marigold is lutein (3,3′-dihydroxy-β,ε-carotene) , occurring to more than 95% as diester, with lutein dipalmitate, myristate-palmitate, and palmitate-stearate being the major compounds in native extracts (Rivas, 1989; Breithaupt et al., 2002) . Red peppers show a carotenoid profile that is much more complex: capsanthin (3,3′-dihydroxy-β,κ-carotene-6′-one), which is esterified to a great extent with lauric, myristic, and palmitic acids, forms the main carotenoid (Biacs et al., 1989; Breithaupt and Schwack, 2000) . Typically, capsanthin is accompanied by β,β-carotene, zeaxanthin, and capsorubin in ratios that de-pend on the state of ripening and the variety of red pepper. Therefore, marigold and red pepper meals provide rich sources of lutein and capsanthin esters, respectively.
For optimal egg yolk coloration, most studies have focused on the profile of carotenoids present in the egg yolk after feeding carotenoid-enriched diets (e.g., Philip et al., 1976; Tyczkowski and Hamilton, 1986a,b; Schaeffer et al., 1988b; Hamilton et al., 1990; Lai et al., 1996) ; an excellent overview is given by Nys (2000) . Chickens absorb lutein very well, whereas β,ε-and β,β-carotene-typical provitamin A carotenoids-have fairly low capability to color egg yolk (Neamtu et al., 1976; Hencken, 1992) . Likewise, violaxanthin and neoxanthin have been reported to have only low potential to color the egg yolk and the skin (Kuzmicky et al., 1969) .
The question whether free or originally esterified carotenoids are absorbed more efficiently is sometimes a point of controversy. Hencken (1992) found that free lutein is absorbed with greater efficiency than lutein mono-or diesters in young broilers; the hydrolysis rate of lutein esters was estimated to be only 40 to 60%. Consequently, preceding saponification of feed-coloring carotenoid esters, which converts lutein esters to free lutein, improves the digestibility of carotenoids in chickens. Similarly, saponification improves absorption of zeaxanthin and capsanthin derived from red peppers (Hamilton et al., 1990) . In contrast, Philip et al. (1976) reported that lutein esters are better utilized by laying hens than crystalline lutein. They assumed that the solubility of carotenoid esters in lipids is higher compared to that of free-crystalline forms. Lai et al. (1996) found that the results of color measurements of egg yolk from hens fed the same levels of free and esterified red pepper carotenoids are not significantly different, indicating a nearly identical absorption tendency of carotenoids, whether free or originally esterified.
Basic work was done by Hamilton (1986a,b, 1987) on the formation and distribution of carotenoid esters in the blood, egg yolk, and different chicken tissues. After feeding free lutein or lutein diesters to chickens in different experiments, monoesters appeared in the serum and in the liver, whereas in the toe web, an integumentary storage site, diesters were the predominant form. This finding indicates that in the blood, lutein is transported mainly in its free form but is re-esterified by local enzymes when it enters depository sites (Osianu and Nicoara, 1984; Tyczkowski and Hamilton, 1987) . Schaeffer et al. (1988b) studied in detail the metabolism of lutein in laying hens. After feeding marigold meals, the major carotenoids of egg yolk and serum were identified as lutein, lutein mono-and diesters, and 3′-oxolutein, indicating an additional oxidative metabolic pathway of lutein in chickens. However, lutein diesters were found in the serum only when high doses of marigold meals were fed. Further, Schaeffer et al. (1988a) postulated that lutein remobilization from the integuments is carried out via a two-step reaction (diester-2 Anton Weiß Vermehrungszucht GmbH, Kirchberg, Germany. monoester-free form), involving two enzymes or different compartments, in which the respective reaction occurs. Interestingly, Gómez et al. (1978) were not able to detect esterified lutein in different segments of the intestinum after feeding a marigold-enriched diet for 2 wk.
In order to quantify the plasma levels reached after feeding free and esterified lutein and capsanthin, a feeding experiment was designed and an HPLC and liquid chromatography-mass spectrometry (LC-MS) method was applied for unequivocal carotenoid identification. Because chickens have the enzymatic capability to hydrolyze lutein diesters (e.g., Tyczkowski and Hamilton, 1987) , the question is whether capsanthin diesters, a typical component of red pepper that is commonly used as supplement in chicken feed, are hydrolyzed in the same manner. As far as we know, chromatograms of chicken plasma after capsanthin feeding have not been presented in the literature yet; also, LC-MS analyses of chicken plasma after feeding carotenoids are novel.
Chicken plasma analyses will not only reflect intestinal processing of dietary carotenoids but also liver processing of them. Nevertheless, because the efficiency of deposition especially in the case of capsanthin in the egg yolk is expected to be poor (Blanch and Hernández, 2000) , the blood stream should provide possible insights into absorption of capsanthin originating from native capsanthin esters. Furthermore, this is the first study to directly compare the concentration of free xanthophyll in chicken plasma after feeding free and esterified lutein and capsanthin in comparable quantities. The efficiency of carotenoid deposition in the egg yolk was not studied.
MATERIALS AND METHODS

Husbandry
For the trial, 70-wk-old commercial laying hens (white hens, Hubbard ISA 2 ) were used. Hens were housed individually in battery cages under illumination for 16 h per d at the Research Farm "Unterer Lindenhof" of the University of Hohenheim. Feed and water were supplied ad libitum; droppings were collected below the battery block. Cage size was 25 × 40 cm (1.000 cm 2 ). The hens were vaccinated against Marek's disease, gumboro, salmonellosis, infectious bronchitis (IB), and Newcastle disease during rearing and then once every 3 mo against infectious bronchitis and Newcastle disease.
Experimental Design
Four groups with 10 birds each were used. After feeding a low-level carotenoid diet for 3 wk to achieve carotenoid depletion, the hens received a fortified diet for 2 wk. One group was fed a diet containing free lutein (G1), another group received a diet with esterified lutein (G2), and two other diets contained free (R1) and esterified capsanthin (R2; see below). Blood samples were taken before feeding the enriched diet to establish a base level and then after 1 and 2 wk of feeding. The number of eggs laid by each hen was counted during the study. 
Diets
Chicken basal feed was used for supplying a low-carotenoid diet and as basis for the carotenoid-enriched feed mixes. The basal diet was calculated to meet the requirements of hens according to the breeder. The analyzed contents of crude protein, metabolizable energy, calcium, and total phosphorous were on average 159 g/kg, 12.0 MJ/kg, 3.46 g/kg, and 6.1 g/kg, respectively. Composition of the basal diet was as follows: wheat, 66%; extracted soybean, 18.1%; limestone, 8.0%; soybean oil, 5.5%; dicalcium phosphate, 1.2%; and amino acids, vitamins, and trace elements, 1.2%. No feed additives were supplemented, and all diets were prepared in an all-mash form. The basic diet contained 0.59 ± 0.03 mg/kg all-trans-lutein (n = 3; determined as described below) and a minute amount of zeaxanthin (not quantified); other carotenoids were not detected.
Fortification of the feed was accomplished by mixing the basal feed with the corresponding amounts of commercial premixes to reach a final carotenoid level of about 10 mg/ kg all-trans-lutein (marigold) or -capsanthin (red pepper). For each of the four supplemented diets (Table 1) , a separate feed mix was prepared and designated G1, G2, R1, and R2. Particular importance was ascribed to a comparable carotenoid content within the two lutein-and the two capsanthin-fortified diets.
Determination of the Carotenoid Content of Premixes and Final Feed Mixtures
For measurement, aliquots of each commercial premix (100 mg) or final feed mixtures (5 g) were extracted three times with a ternary solvent system (methanol:ethyl acetate:light petroleum 1:1:1 vol/vol/vol; 20 mL each). For esterified carotenoids (G2, R2), free carotenoids were obtained by saponification of the extract with methanolic potassium hydroxide solution (30% wt/vol; 5 mL) in diethyl ether (100 mL) overnight. The organic phases were washed twice with water (50 mL each), filtered, and dried with sodium sulfate. All samples were evaporated, redissolved in tert-butyl methyl ether (TBME):methanol (1:1 vol/vol; 5 mL) and subjected to HPLC analysis. Extraction of aliquots of the final feed mixtures proved the carotenoid contents to be in the expected range (Table 1) .
Because several authors (Blanch and Hernández, 2000; Hamilton et. al, 1990 ) have reported that the stability of carotenoids in feed mixes can be critical, we verified the concentrations in the residual feed to evaluate carotenoid stability. The concentrations were very similar to those reported in Table 1 (variation less than 5% compared to the original concentrations), revealing sufficient carotenoid stability during the study period.
Preparation of Samples
Blood samples were obtained by puncture of the vena ulnaris with an EDTA-monovette. One milliliter of blood was sampled from each chicken. Immediately after collection, the plasma was separated from the erythrocytes by centrifugation (2,200 rpm, 10 min, 4 C). The plasma was stored at −20 C in plastic caps and protected from light. The procedure was based on a method described by Khachik et al. (1997) . An aliquot of the plasma (0.5 to 1 mL) was precipitated with ethanol (1 mL ethanol, containing 1% 2,6-di-tert-butyl-4-methyl phenol (BHT; wt/vol) and stirred vigorously on a vortex shaker. The internal standard (β-apo-12′-carotenal in ethanol, c = 2 µg/mL; 1 mL) was added, and the mixture was stirred again on a shaker. To extract the carotenoids, n-hexane (2 mL) was added to the homogenate; the mixture was stirred again, and the precipitate was spun down in a centrifuge at 2,000 rpm for 5 min. The organic layer was transferred into a 10-mL brown glass vial, and the extraction procedure was repeated. The combined organic phases were evaporated and redissolved in TBME:methanol (1:1 vol/vol, 1 mL). The obtained solution was passed through a 0.45-µm membrane filter and used for HPLC analysis immediately. All steps were performed under dim light.
Sample Analysis
The carotenoids were identified by comparing their specific retention times and absorption spectra with those of reference compounds. For quantitation, stock solutions of lutein, capsanthin, zeaxanthin, β-cryptoxanthin, and β,β-carotene were prepared by dissolving the carotenoids in ethanol (10 mg/L each). The concentrations of ethanolic stock solutions were measured spectrophotometrically (λ = 450 nm) on the basis of molar extinction coefficients given by Goodwin (1976) . Working solutions were obtained by dilution with TBME:methanol:BHT (50:50:1 vol/vol/wt) to reach concentrations from 0.05 µmol/L to 3.0 µmol/L. For qualitative identification of capsorubin, an ethanolic stock solution was prepared and diluted to 1 µmol/L. For quantitation of the carotenoids, only the all-trans-peaks were taken into account, as no reference substances for the respective cis-isomers were available. To determine the concentration of the carotenoids, calibration curves were established by plotting the peak area versus the concentration.
Method Validation
The extraction method was validated using an ethanolic solution of lutein (c = 1 µmol/L) and plasma obtained after feeding the basal diet; the average native lutein content (0.3 µmol/L) was subtracted. The following recovery was obtained (n = 4): 93 ± 5%. This result demonstrates the efficiency of the extraction method. Additionally, the HPLC peak areas of the internal standard, β-apo-12′-carotenal, were monitored to determine possible losses during the work-up procedure. The recovery of β-apo-12′-carotenal from extractions of various samples accounted for > 95%. The limits of quantitation and determination of the measured carotenoids were calculated from the calibration graphs according to the recommendations of the Deutsche Forschungsgemeinschaft (1991): limit of quantitation, 0.03 µmol/L; limit of determination, 0.02 µmol/L for each of the carotenoids.
Apparatus
Carotenoids were measured by HPLC. The equipment used was a Hewlett-Packard Model 1100 3 comprising a quaternary pump, a degasser system, an autosampler, and a variable wavelength detector. Ultraviolet absorbance was recorded at 450 nm. An analytical column 4 with C30-reversed-phase material (RP-C30 column; 250 × 4.6 mm, 5 µm) including a Bischoff precolumn 5 (Nucleosil C18, 10 × 4.6 mm, 5 µm) was used and was tempered at 35 C. The mobile phase consisted of methanol, TBME, and water [solvent A: 81:15:4 (vol/vol/vol); solvent B: 6:90:4 (vol/ vol/vol)]. The following gradient was applied (minutes per percentage solvent A): 0/99, 39/44, 45/0, 50/99, 55/ 99 at a flow rate of 1 mL/min; the injection volume was 20 µL. The software used for data acquisition was HP ChemStation Plus (Rev. A08.03). LC(APcI)-MS was run on an HPLC system with modules as given above, coupled to a Micromass VG platform II quadrupole mass spectrometer equipped with an APcI interface, operating in the positive mode; the MS parameters are detailed in Breithaupt et al. (2002) . 
Chemicals
Feed additives containing saponified and native lutein and capsanthin were provided by Lohmann Animal Health.
6 Capsanthin, β-cryptoxanthin, lutein, and zeaxanthin were generously provided by Hoffmann-LaRoche, 7 β-Apo-12′-carotenal was a gift from BASF.
8 Capsorubin (certified standard material) was obtained from CaroteNature.
9 Acetone, BHT, diethyl ether, ethyl acetate, n-hexane, light petroleum (40 to 60 C), ethanol, and methanol were purchased from Merck.
10 Tert-butyl methyl ether (TBME), and β,β-carotene were obtained from Fluka.
11 All solvents were of analytical grade and were distilled before use. For HPLC, ultrapure water was obtained from a Milli-Q 185 apparatus.
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Statistical Analysis
A completely randomized experimental design was used. To allow for statistically correct treatment of the measured values, outliers were eliminated according to the procedure of Nalimov (P < 0.05; see Kaiser and Gottschalk, 1984) . If an outlier was detected, the whole individual was not taken into account to avoid distortion of data, as only three measuring points (0, 1, and 2 wk) were used. The variances in each feeding group at sampling points after 1 and 2 wk were evaluated using the F-test at P < 0.05 (Sachs, 1978) . Egg production of individual hens did not change during the study. Therefore, plasma carotenoid levels were not corrected for individual egg production.
RESULTS AND DISCUSSION
Qualitative Aspects
Lutein-Fortified Diets (G1, G2). Chickens used in this study passed a 3-wk depletion period to reduce their plasma carotenoid level to a minimum. Because the basal feed contained 66% wheat, a small amount of lutein was expected to be present in the chickens' plasma. Figure 1 shows an exemplary HPLC profile [detection wavelength (variable wavelength detector): 450 nm] of a plasma extract that was taken from chickens after feeding the basal diet for 3 wk (I), containing only small amounts of lutein. The first main peak (1) corresponds to the internal standard (β-apo-12′-carotenal) and the second (2) to all-trans-lutein; other minor peaks were not identified. β,β-Carotene, which elutes after 27 min, was not present in the plasma. Peak assignment was validated by comparison of the retention times with those of authentic standard samples and by standard addition experiments.
After 1 wk of feeding with free lutein-supplemented feed (G1), the carotenoid profile of the plasma changed remarkably (Profile II in Figure 1 ). As shown, the plasma level of lutein (2) has drastically increased and zeaxanthin (3), which was already present in very small amounts in the marigold meal used as feed additive, appeared. Furthermore, at a retention of 25 to 30 min (arrow), several minor peaks were observed, indicating the presence of carotenoid esters. The disappearance of these peaks after saponification of a plasma sample proved these compounds to be esterified. Additionally, comparison of their retention time with that of lutein monoesters, obtained after enzymatic saponification of native marigold extracts in a previous study (Breithaupt et al., 2002) , provided further evidence for the compounds being lutein monoesters. Usually, lutein diesters appear after retention for 40 to 50 min and were absent from the chicken plasma investigated here. The occurrence of lutein monoesters in chicken plasma is in accordance with observations reported by Tyczkowski and Hamilton (1986a,b) . These esters have to be of endogenous origin (in vivo acylation), as no lutein esters were supplied with the feed. The profile obtained after feeding a diet containing esterified lutein (G2) showed an almost identical pattern (data not shown).
To verify carotenoid identification, five plasma samples (obtained after feeding G1) were pooled, concentrated to 500 µL, and analyzed with LC(APcI)-MS using the positive ionization mode. To our knowledge, this is the first report about LC-MS analysis of chicken plasma carotenoids. Carotenoid absorption spectra were used for identification purposes, too, and are given in the form of x/y/z [nm]. Peak 2 showed the expected ultraviolet spectrum for lutein (420/446/474 nm) and the main fragment ion m/z = 551
, generated by loss of water from the quasimolecular ion [M + H] + , which was mostly not detectable in the lutein. Peak 3 was identified unequivocally as zeaxanthin (428/452/480 nm; m/z = 569 [M + H] + ). Unfortunately, the concentration of lutein monoesters was too low to identify them by interpretation of the typical fragmentation pattern observed in an earlier study (Breithaupt et al., 2002) . The m/z 551, the fragment ion produced by loss of fatty acid from the quasimolecular ion, however, was present in each spectrum. Regardless, each of the four major peaks showed similar absorption spectra, indicating lutein derived compounds; the spectra of the two middle peaks additionally showed small cis-peaks at 330 nm, suggesting that these esters have cis-configuration. Capsanthin-Fortified Diets (R1, R2). Typically, red peppers contain a wide range of different carotenoids. Thus, the carotenoid pattern of the plasma has to be much more complex than the one observed after feeding marigold extracts. In Figure 2 , an HPLC profile of a plasma extract after a feeding time of 2 wk with free-capsanthinfortified feed (R1) is displayed. As far as we know, this is the first time that the carotenoid profile of red pepper carotenoids in chicken plasma is presented. Lutein (2) was from the basal feed, as red peppers typically do not contain lutein; Peaks 3, 4a, 4b, 5, and 6 were derived from red pepper carotenoids and were already present in the feed mixtures.
To unequivocally prove the carotenoid identification, LC(APcI)-MS analyses of 10 pooled plasma samples (concentrated to 500 µL) were performed. Compound 2 showed the expected activity typical of lutein, and Compound 5 was identified as all-trans-capsanthin via its broad maximum at 482 nm and the quasimolecular ion with m/z = 585 ([M + H] + (100%). Peak 4b was identified as cis-capsanthin via its typical cis-peak in the ultraviolet region (358 nm) and the same quasimolecular ion as Peak 5. The composition of 4a is yet unknown (ultraviolet data: 430/446/ 476 nm). Carotenoid 3 was identified as zeaxanthin, whereas the shoulder of this peak was not identified (possibly a cis-isomer), Peak 6 was undoubtedly identified as β-
Again, β,β-carotene was not detectable, although it is a constituent of the red pepper diet R1. This observation is in accordance with former results, indicating that β,β-carotene is poorly absorbed by chickens (Neamtu et al., 1976; Hencken, 1992; Nys, 2000) . An authentic standard of capsorubin showed a retention time of 6.7 min and a spectrum of 455/482/509 nm, as well as the expected fragmentation pattern (m/z = 601
. Capsorubin was present in the saponified red pepper feed (R2) in rather small amounts; due to its low concentration, it was not unequivocally detectable by LC(APcI)-MS in the plasma pool. In comparison with the plasma of chickens fed with esterified capsanthin This value was equivalent to the limit of determination. Outliers in each feeding group were eliminated according to Nalimov (Kaiser and Gottschalk, 1984) .
(R2), the HPLC profile depicts a very similar pattern (data not shown).
Quantitative Results
For quantitative determination, peak areas of carotenoids in the sample chromatograms were correlated with the concentrations according to calibration curves. In either case, only the all-trans-form was taken into account, as no reference compounds for the cis-isomers were available. The concentration of all-trans-lutein after feeding the basal diet for 3 wk (0.3 µmol/L) was subtracted from the measured values; the capsanthin level was below the detection limit and therefore defined as zero. Figure 3 shows the change in plasma lutein levels after feeding free or esterified lutein (G1/G2) as well as the change in plasma capsanthin levels after supplying free or esterified capsanthinsupplemented diets (R1/R2). For each feeding group, the mean and standard deviation of the plasma level of free carotenoid was plotted against feeding time to estimate an overall tendency. Outliers in each group were eliminated (P < 0.05) according to Nalimov (Kaiser and Gottschalk, 1984) . FIGURE 3. Concentrations (means and standard deviations) of all-trans-lutein and all-trans-capsanthin in plasma after feeding free or esterified lutein [-᭹-G1 (n = 8), -▼-G2 (n = 10)] and free or esterified capsanthin [--R1 (n = 7), -▲-R2 (n = 10)] supplemented diets. Outliers in each feeding group were eliminated (P < 0.05) according to Nalimov (Kaiser and Gottschalk, 1984) .
After 1 wk, the carotenoid level in the plasma increased (P < 0.05) in either case, regardless of whether free or esterified carotenoids were supplemented. The absolute amount of lutein or capsanthin, respectively, detected in plasma after 1 wk of feeding, ranged between 0.5 and 2.8 µmol/L in all four groups. This result demonstrates that not only free lutein but also free capsanthin-after enzymatic conversion of carotenoid diesters-is present in the blood stream in comparable amounts. After an additional week, the mean values of the concentrations reached were not different (P < 0.05; F-test) with the exception of feeding diet G2 (esterified lutein), for which a decrease was observable (P < 0.05). The reason for this behavior needs to be investigated; therefore, data of Week 2 were not further interpreted. Referring to the distribution of plasma levels after 1 wk, statistical analysis showed no differences in the variances (P < 0.05) between diets containing free or esterified carotenoids (G1/G2 or R1/R2). This finding indicates that the standard deviation of both groups was not discriminable, showing an equal concentration of plasma xanthophylls regardless of whether free or esterified carotenoids were fed.
Zeaxanthin and β-cryptoxanthin were also measured, but the results are not shown in our diagrams. Both carotenoids occur as native compounds in red pepper and, therefore, are found in plasma (see Figure 2 ). In accordance with their minor occurrence in red pepper, plasma levels of zeaxanthin and β-cryptoxanthin were lower (0.02 to 0.61 µmol/L; P < 0.05) than those of lutein and capsanthin. Table 2 shows the respective minimum and maximum plasma levels achieved after feeding red pepper supplemented diets (R1, R2) for 1 wk, as well as the average values from all individuals in each group. Interestingly, the average values of zeaxanthin and β-cryptoxanthin plasma levels were higher when esterified carotenoids were fed (P < 0.05, F test). This finding is in contrast to the behavior of the lutein and capsanthin levels discussed before. A reason for this discrepancy is yet not known.
Although the results of this research indicate that the plasma xanthophyll levels are comparable, independent of the supplemented form, it is apparent that a number of factors may influence plasma concentrations-factors this study cannot address. Thus, unequivocal conclusions will require further studies. Analytical methods such as HPLC analysis using reversed phase-C30 phases as well as LC(APcI)MS measurements described here seem to be well suited for those further investigations.
